Wall failure has significantly altered the structure of virtually all large, fresh-appearing lunar craters. Terrace blocks exposed upon a crater's interior walls are interpreted to be sections of the transient cavity rim that slumped into the cavity during the terminal stages of crater formation. Impact excavation cavities have been reconstructed by restoring the innermost terrace block exposed within a crater to its inferred original position at the cavity rim and accounting for the volume of material that slumped into the cavity. Critical model assumptions include (1) the radial variation of topography near the initial cavity rim crest, (2) the structure of the failure surface along which terrace blocks slumped into the cavity, and (3) the geometric shape of the initial cavity. This terrace restoration model has been applied to 12 fresh lunar craters with observed rim crest diameters Do ranging from 19 to 137 km. Up to an initial cavity diameter Dt of 30 km, reconstructed cavity depths are comparable to or greater than cavity depths extrapolated from nonterraced craters of less than 15 km in diameter. For a wide range of model parameters the reconstructed depths of impact cavities 15-30 km in diameter are significantly greater than depths predicted by small-crater morphometry, implying that cavity depths inferred from depth/diameter ratios observed for small craters may substantially underestimate the depth of excavation of impact cratering events in this size class. Reconstructed cavity depths for Di > 70 km, however, are consistently less than cavity depths extrapolated from smaller craters. This indicates that the morphometric transition from small, relatively unmodified, bowl-shaped craters (Do < 15 km) to large, terraced, saucer-shaped craters (Do > 80-90 km) cannot be solely attributed to rim-slumping modification. Ejecta fallback and basement rebound also play a role in modifying impact crater cavities; however, the manner in which the volume of fallback ejecta and basement rebound material varies with increasing crater size is unknown. The discrepancy between cavity depths extrapolated from small craters and those obtained from the terrace restoration model suggests that impact excavation cavities become relatively shallower at larger diameters. However, this cannot be conclusively demonstrated until the effects of rebound and ejecta fallback are quantitatively accounted for.
INTRODUCTION
The shape of lunar impact craters varies significantly with increasing crater size. Craters with rim diameters Do less than 12-15 km are characterized by an average ratio of depth/ diameter of 1:5. The depth/diameter ratios of larger craters consistently decrease with increasing crater size, ranging from 1:8 for craters 20 km in diameter to 1:30 for craters with diameters of 140 km [Pike, 1977a] . This morphometric transition is accompanied by a distinctive variation in crater morphology. Large craters exhibit complex terraced walls, floor Dence [1968] has suggested that the slip surfaces involved in terrace slumping extend to the center of the crater and that central peaks develop as part of the collapse process. However, central peaks can be found in craters that do not possess terraced walls (for example, Diophantus, 27.6øN, 34.3øW). In addition, theoretical calculations by Ullrich [1976] indicate that upward movement beneath the base of a crater cavity may occur completely independently of rim collapse phenomena as the result of stress-wave interaction. Unfortunately, there is very little morphological or theoretical evidence that can be used to determine the subsurface configuration or inward extent of terrace block failure surfaces.
The transition from one style of rim slumping to another is gradational and occurs over a range of crater sizes. Several craters contain some combination of scallops and terraces, indicating that more than one type of failure mechanism operated within a single crater (for example, note the structural • '*., •:,.
Fig. lb. In contrast to the crater Dawes (Figure la
the crater Timocharis (D0 = 34 km) is characterized by a polygonal rim outline and terraced crater walls. Terrace ledges are situated at progressively higher elevations with increasing radial range. Both scallop deposits and wall terraces are interpreted to be sections of the rim and walls of a crater's initial excavation cavity that slumped into the cavity during the terminal stages of crater formation. The structure and morphology of wall terraces indicate that terrace blocks maintained considerable coherence during the rim slumping event.
terrace blocks consist of fractured and brecciated crustal material, and it is unlikely that these blocks would slump as perfectly coherent masses in the absence of a lubricating agent such as groundwater [Sharpe, 1938] . Consequently, talus movement along head scarps during and after slumping may modify the original configuration. In many fresh craters the boundary between the head scarp above a terrace and the actual ledge forming the top of the terrace block is sharply delineated and locally linear. Furthermore, in certain fresh craters such as Aristarchus, terrace ledges exhibit a concentric surface texture similar to ejecta deposits beyond the crater's rim crest. If extensive mass wasting had occurred, then the contacts between terrace ledges and head scarps would be irregular, and primary ejecta textures on terrace ledges should have been destroyed. On the basis of this morphological evidence we conclude that modification of the terraced walls of fresh craters has been relatively limited and that the observed configuration of terraces within fresh craters is representative of the wall structure at the end of the main slumping event. This conclusion is supported by the unmodified nature of impact melt deposits found on crater walls and floors [Hawke and Head, 1977] . manner in which the shape of the slumping failure surface varied with depth. The fact that the slope of terrace scarps increases as a function of radial range (as shown in Figure 2 ) implies that terrace blocks have slumped along curved failure surfaces which are highly inclined near the original ground surface and less steeply inclined at greater-depths.
Timing of the Event
Various features on terraced walls are interpreted to be impact melt deposits emplaced during the cratering event [Howard and Wilshire, 1975; Hawke and Head, 1977] , including (1) smooth dark pools of material perched on terrace ledges and (2) lavalike flows with and without well-drained channels and levees. Flow features and cracks associated with these melt deposits indicate that the material was molten and behaved in a fluid manner at the time of emplacement. Superposition of melt deposits on terraced walls indicates that the main slumping event must have occurred during the latter stages of the cratering event. Gault et al. [1968] used the term modification stage to describe short-term and long-term crater modification processes. However, we use the term in a more restricted sense, as the modification stage of the cratering event, to-refer to those processes operating in the terminal stages of the event which modify the shape of the transient crater cavity.
IDEALIZED TERRACE-SLUMPING PROCESS
In order to develop a method for restoring terraces to their preslump positions it is necessary to formulate a conceptual model of the terrace-slumping process. On the basis of the observations cited above we envision that a major section of the cavity rim slid down into the cavity as a collection of discrete blocks separated by a series of failure surfaces in the terminal stages of the cratering event (Figure 3 ). These failure surfaces were curved zones of rupture that were approximately parallel in the vicinity of the initial cavity rim; their location and structure in the vicinity of the cavity floor are unknown. Failure may have occurred as the result of (1) mechanical instability of the cavity walls under the influence of gravity [Quaide et al., 1965; Gault et al., 1975; Melosh, 1977] , (2) latestage reorientation of the flow field within the target material, resulting in vortical downward and inward motions in the vicinity of the cavity rim [Maxwell and Moises, 1971; Ullrich, 1976] , or (3) some combination of these two mechanisms [Ullrich et al., 1977] . Although the actual manner in which failure occurs is unknown, material along the failure surfaces was probably deformed extensively in an irreversible nonelastic fashion. We assume a plastic mode of failure during the slumping process [see Melosh, 1977] , implying that the terrace blocks possessed some combination of cohesive and frictional shear strength. Analytical solutions to slope stability equations were initially developed by Sokolovski [ 1965] for plastic failure by ignoring the weight of the slope material [see Harr, 1966; Scott, 1963] . These solutions indicate that (1) failure occurs along a logarithmic spiral slip surface if the material possesses frictional strength and (2) failure occurs along a circular arc slip surface in purely cohesive materials. Civil engineering techniques for determining slope stability, such as the Swedish circular arc method and the method of slices, also employ circular arcs and logarithmic spirals to represent slump failure surfaces [Wu, 1976] . It seems likely that terrace blocks were translated along a failure surface that could be approximated by one of these geometric shapes.
TERRACE RESTORATION TECHNIQUE
Reconstruction of the initial crater cavity is accomplished by a two-step method. In the first step the radius of the initial cavity is inferred by determining the point of intersection between (1) a polynomial equation representing the craterward extension of observed rim topography and (2) a model failure surface which is tangent to the face scarp of the innermost exposed terrace (Figure 4) . The face scarp of the innermost terrace block is assumed to be a remnant of the rim wall of the initial cavity. The model failure surface conforms to a specific geometric shape and represents the hypothetical path along which the initial cavity rim wall slumped. Strictly speaking, the translation path of the cavity rim wall is not a 'failure surface,' since the wall of the initial cavity is an unbounded (free) surface during a slumping event. However, owing to the We now examine the assumptions involved in defining the terrace restoration technique: _ 1. Caoity rim topography. A crater's presently observed rim crest and exterior deposits represent the unslumped portion of its initial cavity rim. It is assumed that the topographic structure of the initial cavity rim can be approximated by extrapolating presently observed radial topographic trends inward toward a crater's center. Preslump rim topography is specified by a polynomial equation fit by the method of least squares to the presently observed exterior topography. In relatively flat regions this polynomial fitting procedure is applied between 1.0 and 2.5Ro. However, in areas of highly variable preexisting topography (for example, highland terrain) the fitting procedure is applied between 1.0 and a minimum range of 1.5Ro. The purpose of this polynomial equation is to scribe major topographic trends. Therefore the equation was contrained to be the lowest-order polynomial expression that achieved a correlation coefficient of 0.90 or better with the observed exterior crater topography (a sampling of graphical results is presented in Figure 10 ). It was found that polynomials of third degree and lower order were able to satisfy this criterion for all craters occurring on mare surfaces or at mare/highland boundaries. Highland craters characterized by exteriors which could not be represented by a third-degree or lower-order polynomial expression (with correlation c > 0.9) were not considered for further analysis. 3. Initial cavity shape. The shape of the initial cavity can be approximated from the characteristics of small, fresh, nonterraced lunar craters (1 km < Do < 15 km). The structure of these small craters provides the best approximation of transient cavity shape presently available, although some wall failure has occurred [Wood and Andersson, 1978] . In highresolution photographs the flanks and toes of individual rock slides can be identified on small crater walls [Howard, 1973] . Downslope talus movement will reduce the curvature of the initial cavity walls and decrease the depth of the initial cavity.
However, in comparison to larger craters in which the initial cavity has been completely destroyed, we will consider small fresh craters to be relatively unmodified. Table 2 ). The shape of these craters is intermediate between a conical (a = 1) and parabolic (a = 2) geometry. Localized wall failure has probabl'y reduced the initial curvature of the walls, and it is likely that the initial cavities correspond more closely to a parabolic shape than to a conical geometry. However, results will be presented for different cavity shapes. We note that Dence [1973] has suggested that the initial cavities of impact craters possess parabolic shapes on the basis of field studies of terrestrial impact structures.
4. Angle of friction during terrace slumping. To determine the logarithmic spiral failure surface appropriate to plastic failure in frictional materials, it is necessary to specify the angle of friction 4 of material involved in the slumping process [Sokolovski, 1965; Scott, 1963 Positive Bouguer gravity anomalies interpreted to result from isostatic structural adjustments are exclusively associated with larger (Do > 200 km) and older craters [Phillips et al., 1976] . Craters within the data sample are consistently smaller and younger than craters characterized by such positive gravity anomalies, implying that the craters analyzed here have not experienced major structui'al modifications due to long-term isostatic compensation. 
Results for Entire Data Sample
Inspection of the interior structure of large craters reveals that the position of ,terrace ledges, the number of terraces exposed, and the inclination of terrace scarps may be quite different in different sectors of a single crater. In addition, the radial variation of exterior topography may vary significantly in different directions [Settle and Head, 1977] . Average cavity dimensions can be determined by applying the terrace restoratibn technique to several cross-sectional profiles at individual craters. In some cases, such as Theophilus and Sklodowska, topographic data are only available for certain crater sectors; in other cases, such as King, preexisting topography is extremely variable, and no low-order, monotonically decreasing polynomial express. ion can be fit to the topography lying beyond certain section• of the crater rim. These considerations restricted the number of cross-sectional profiles that could be examined at certain craters.
Estimates of initial cavity rim diameter Dt and cavity depth below the original ground surface, d,t, for the entire data sample (Table 1 ) 8 and 12) .
In order to evaluate the degree to which model results were influenced by the assumed shape of the initial (preslump) cavity, terraces were restored along circular arc failure surfaces with 0 = 60 ø (as in Figure 8 results) , and initial cavity depth was determined using a cavity geometry intermediate between a cone and a paraboloid. This cavity shape is explicitly described by a radial variation of interior cavity elevation proportional to r •'" (equivalent to a = 1.5 in (1)). This cavity geometry closely corresponds to the observed shape of small fresh craters at ranges of 0.0-0.6Ro (see Figure 6 ). As shown in Figure 13 , this intermediate cavity geometry produces cavity depth estimates that are 2.3-1.8 times greater than cavity depths predicted by small-crater morphometry over a range of cavity diameters from 15 to 30 km. As observed in the previous cases, the ratio of restored cavity depths to cavity depth esti- If rim slumping is the primary mechanism of cavity modification, initial cavity depths inferred by restoring slump terraces to their original positions and reconstructing the excavation cavity prior to slumping should serve as approximate estimates of the depth of excavation of individual cratering events. Initial cavity dimensions determined by the terrace restoration technique developed in this study are model dependent, in that different combinations of assumed parameters produce varying estimates of initial cavity diameter and depth.
INITIAL CRATER CAVITIES RECONSTRUCTED BY TERRACE RESTORATION
The exact structure of terrace failure surfaces and the exact shape of large-scale excavation cavities prior to slumping are not known, and therefore it is presently impossible to specify a set of boundary conditions that will uniquely constrain the terrace restoration model. Nevertheless, cavity restoration results presented in Figures 8, 9, 11 , 12, and 13 for various combinations of model parameters have several common features (summarized in Figure 14) . In all cases, reconstructed cavity depth is approximately equal to or somewhat greater than cavity depth predicted by small-crater morphometry over the 15-to 30-km range of cavity diameters. Over the 30-to 70-km range of cavity diameters the difference between reconstructed cavity depth and cavity depth based upon the extrapolated depth/diameter relationship for small lunar craters decreases to a point at which the inferred depths of restored cavities fall below the reference line representing small-crater morphometry (Figures 8, 9, l l, 12, and 13) . Finally, the depths of For impact crater cavities greater than 70 km in diameter (equivalent to Do = 80-90 km), however, the average depth of restored initial cavities is significantly less than cavity depth estimates extrapolated from small-crater morphometry. This discrepancy may in part be due to (1) an inability to recognize innermost terrace blocks which were destroyed as they slumped, (2) partial settling of exterior topography around the crater rim as it reached its present configuration, or (3) assumed values of model parameters as discussed in the previous section. There is little morphological evidence within the domical and hummocky terrain forming the flat floors of large craters which suggests that additional terrace blocks were initially situated at ranges less than the presently exposed innermost block. Furthermore, there is no consistent relationship between crater size and the order of the polynomial expression representing exterior crater topography which might indicate that the rim topography of larger craters is partially 'deflated' [Settle and Head, 1977] . Rather, the discrepancy between reconstructed cavity depth and cavity depths predicted by small-crater morphometry observed for Dt > 70 km is interpreted to be the result of a change in the depth/diameter ratio of initial excavation cavities formed by such large impact events and/or a change in the relative importance of rim slumping in modifying initial cavities greater Table 1 ]. The actual variation of the percentage of ejecta which is redeposited within a crater as a function of crater size is unknown. Similarly, although morphological evidence indicates that the height and area of central peaks within lunar craters increase with increasing crater size [Wood, 1973; Allen, 1975] , the volume of substrate material which is actually translated above the floor and walls of an impact excavation cavity by the rebound process is unknown. We are presently analyzing these two crater modification processes in order to estimate quantitatively the extent to which they have altered the structure of initial cavities formed by large impact events.
In the past, depth/diameter ratios characterizing small fresh lunar craters have been employed to estimate the depth of 
